Introduction
A fibrin clot is the final product of the blood clotting cascade. Thrombin catalyzes release of fibrinopeptide A from fibrinogen to create fibrin monomers, which then aggregate to protofibrils.
Proteolytic release of fibrinopeptide B by thrombin permits lateral protofibril aggregation, resulting in a three-dimensional fibrin gel. Factor XIIIa, a transglutaminase activated by thrombin, covalently crosslinks these fibers to increase the strength and elasticity of the resulting clot. 1 Variables known to influence fibrin clot structure include fibrinogen and thrombin concentrations, 1 pH, 2,3 ionic strength, 3 chloride ion concentration, 2 and presence of calcium ions. 4 A variety of molecules are reported to affect fibrin clot structure, including homocysteine, 5 decorin core protein, 6 heparins, 7,8 dextran 9 and hydroxyethylstarch. 10 In this study, we demonstrate that inorganic polyphosphate (polyP) strongly modulates fibrin clot structure.
PolyP is a negatively charged, linear polymer of phosphate units linked by high energy phosphoanhydride bonds. PolyP has a wide biological distribution, 11 but its functions have been studied most extensively in prokaryotes and unicellular eukaryotes, in which high levels of polyP accumulate in organelles known as acidocalcisomes. In such organisms, polyP plays essential roles in stress responses and virulence. 12 Although polyP has been studied less extensively in mammalian cells, 13 it has been reported to induce apoptosis in plasma cells, 14 promote calcification in osteoblasts, 15 and block metastasis of melanoma cells in a mouse model. 16 It has also been proposed to serve as a regulatory factor in proliferative signaling pathways. 17 Dense granules of human platelets strongly resemble acidocalcisomes and contain high levels of polyP having chain lengths of approximately 75 phosphate units. 18 PolyP is released from platelets in response to stimulation by thrombin 18 and is subsequently cleared from plasma, presumably due to degradation by plasma phosphatases. 19 We recently reported that polyP is a potent hemostatic regulator, accelerating blood coagulation by activating the contact pathway of blood clotting, and also by promoting the activation of factor V. 19 These combined only.
For personal use at PENN STATE UNIVERSITY on February 21, 2013 . bloodjournal.hematologylibrary.org From effects result in an earlier peak of thrombin generation during plasma clotting without affecting the total amount of thrombin generated. Our previous studies demonstrated that polyP did not alter the clotting time of plasma initiated by adding thrombin, suggesting that polyP exerts its procoagulant effects upstream of thrombin. 19 We now report that although polyP has no impact on the timing of fibrin formation by thrombin, the structure of the resulting fibrin clots formed in the presence of polyP and plasma concentrations of calcium ions is altered, yielding fibrin clots with increased turbidity (owing to fibers of higher mass-length ratio), and increased resistance to fibrinolysis. PolyP therefore plays an additional, previously undetected role in blood clotting. Our findings also suggest that polyP may enhance the strength and stability of surgical fibrin sealants based on topical administration of fibrinogen and thrombin at wound sites. 
Materials and methods

Materials
Measurements of clot turbidity
Fibrin clots were formed in 96-well, medium-binding polystyrene microplates (Corning Inc., Corning, NY) by first preincubating a mixture of fibrinogen and polyP in TBS plus the indicated CaCl 2 concentrations (for 15 minutes unless otherwise stated). Thrombin in TBS plus the same concentration of CaCl 2 was then added to trigger clot formation. Final reactant concentrations were typically 2.6 mg/mL fibrinogen, 62.5 pM to 8 nM thrombin, 0 to 8 mM polyP, and 0 to 5 mM CaCl 2 in a total volume of 200 µ L. In some studies, 0 to 10 U/mL unfractionated heparin, 1 mM iodoacetamide, or 100 nM factor XIII were also included. Additional studies either substituted ZnCl 2 , MgCl 2 , or MnCl 2 for the CaCl 2 , or included these metals in addition to 2.5 mM CaCl 2 .
Clotting was evaluated by monitoring the change in turbidity (A 405 ) for 1 hour at room temperature using a Spectramax microplate reader (Molecular Devices Corp., Sunnyvale, CA).
Clotting times were calculated from these data using SigmaPlot (Systat Software, Inc., San Jose, CA) to fit a line to the steepest segment of the absorbance curves and then determining the intersection with the initial baseline A 405 (representing the lag phase prior to clot formation).
Final turbidities (A 405 ) of fibrin clots were typically quantified after the clots had matured for 60 minutes.
Fibrin clots were also formed with minimally diluted prothrombin-deficient plasma.
Solutions of CaCl 2 and polyP in TBS were added to plasma 15 minutes prior to initiation of clotting with thrombin, during which no clotting (i.e., no observable change in A 405 ) occurred. 
Fibrin cross-link formation
Rates of α and γ cross-link formation were studied in clotting reactions carried out as described for turbidity measurements, using purified fibrinogen containing only a small amount of contaminating factor XIII, except that fibrin clots were formed in polypropylene tubes at 37°C and reactions were stopped at various times by adding an equal volume of 2XSDS sample buffer with immediate boiling at 95°C for 5 minutes. 10 µ L samples were then subjected to SDS-PAGE using 7.5% polyacrylamide gels, and stained with Coomassie (Gelcode Blue; Pierce, Rockford, IL) according to the manufacturer's directions.
Determination of fibril thickness
Relative fibril mass-to-length ratios were determined using a modification 20 of the method of Carr and Gabriel 9 for clots with high turbidity. Briefly, fibrin clots were allowed to mature for 2 hours after thrombin addition, after which absorbance was scanned from 400 to 800 nm on a Spectramax microplate reader. A plot of 1/τ*λ 3 (y axis) versus 1/λ 2 (x axis) was used to determine the y intercept, the inverse of which is proportional to the mass-length ratio of the fibers. 9 Data were normalized in comparison to clots formed under identical conditions but in the absence of polyP, whose relative mass-length ratio was defined as 1.0.
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Scanning electron microscopy
Fibrin clots formed in triplicate as described above for turbidity measurements were allowed to mature for 2 hours after thrombin addition. Clots were washed 4 times in 0. Figure 6 .
Detection of polyP incorporated into fibrin clots
Fibrin clots were formed as described for turbidity experiments, in which the fibrinogen, calcium and polyP (when included) were preincubated for 15 minutes prior to adding thrombin. Clotting reactions were prepared in polypropylene tubes (total volume, 400 µL) containing 1 mg/mL fibrinogen, 2.5 mM CaCl 2 , 1 mM iodoacetamide, 3 nM thrombin, and either polyP (0, 100 µM, 500 mM, or 1 mM) or NaH 2 PO4 (1 mM). Clots were allowed to mature for 1 hour. Some clots made without polyP were subsequently soaked for 15 minutes in 1 mM polyP. All clots were then washed three times (30 minutes each) in 1 mL TBS with 2.5 mM CaCl 2 , and then stained for 30 minutes with 30 mg/L toluidine blue, destained for 15 hours (overnight) in water, dried under vacuum, then digested in 1 mL of 40 mM acetic acid for 2 hours. The toluidine blue concentration of digested clots was then quantified in a 96-well microplate by measuring A 630 .
Thromboelastography
Thromboelastography was performed using the ROTEM ® four channel system (Pentapharm, Munich, Germany), using the supplied software package and a manual pipette, with reaction components as described above in the microplate assay for clot turbidity. Reactant concentrations were 2.6 mg/mL fibrinogen, 3 nM thrombin, 0 or 1 mM polyP, and 2.5 mM CaCl 2 in a total volume of 300 µ L. Clot firmness for each clot was recorded 30 minutes after thrombin addition.
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Fibrinolysis
Fibrin clots were formed in microplates using purified fibrinogen (as for the turbidity experiments), except that the fibrinogen concentration was 1 mg/mL and A 405 was monitored for up to 6 hours. In some experiments, 8 nM plasmin was added immediately prior to thrombin addition. In other experiments, 200 nM plasminogen was added to the fibrinogen, and clotting was initiated by a mixture of thrombin (1 nM final) and tPA (375 pM final). Due to markedly higher turbidities in the presence of polyP, turbidity data were normalized to maximal turbidity.
The 50% lysis time was defined as the time elapsed, during the lysis phase, from the maximal to the half-maximal A 405 value.
Results
Turbidity Measurements
We previously showed that adding polyP to plasma did not influence the time to clot formation initiated by thrombin, 19 suggesting that all relevant effects of polyP on plasma coagulation occur upstream of thrombin. In order to further characterize any potential impact of polyP on the terminal portion of the coagulation cascade, we evaluated fibrin clots made from purified proteins by measuring the change in turbidity (A 405 ) during clotting induced by thrombin. As we previously observed with plasma, polyP did not alter the clotting time of purified fibrinogen in response to thrombin, a finding which was consistent through a wide range of thrombin concentrations ( Figure 1A ). In contrast to the lack of effect on clotting time, polyP markedly increased the final turbidity of fibrin clots ( Figure 1B ) regardless of the amount of thrombin added ( Figure 1C ). Interestingly, the ability of polyP to modulate the turbidity of the resulting fibrin gel was dependent on the Ca 2+ concentration. In the absence of Ca 2+ , polyP did not affect clot turbidity, but at low mM Ca 2+ concentrations, adding polyP increased final clot turbidity in a concentration-dependent manner ( Figure 2 clot turbidity in a polyP-independent manner ( Figure S1 , available on the Blood website; see the Supplemental Materials link at the top of the online article,).
We next compared the effect of polyP versus heparin-another anionic polymer-in enhancing clot turbidity. Fibrinogen contains a heparin binding site, 22 and heparin is known to increase the turbidity of clots formed from purified fibrinogen and thrombin. 23 We found that heparin modestly increased fibrin turbidity in a dose-dependent fashion (examined from 0 to 10 units/mL heparin), but the magnitude of the turbidity increase was markedly lower than that observed with polyP ( Figure 3A) . Furthermore, adding unfractionated heparin to fibrinogen clotting reactions did not reduce the effect of polyP on clot turbidity. Rather, the mild increase in clot turbidity due to inclusion of heparin appeared to be additive to the much larger polyP effect ( Figure 3B ). These results suggest that the polyP effect on fibrin clot turbidity is distinct from that of heparin.
We found that the ability of polyP to increase fibrin clot turbidity required the preincubation of fibrinogen, Ca 2+ and polyP prior to clotting, an effect that was maximal when the three were preincubated together for 10 to 15 minutes prior to adding thrombin ( Figure 4A ). Varying the order of addition of these components demonstrated that all three had to be present during the preincubation period in order to achieve maximal increases in clot turbidity ( Figure S2 ).
We next investigated the ability of polyP to enhance clot turbidity in plasma. These studies were complicated by the fact that polyP must be preincubated for several minutes with fibrinogen and calcium ions in order to enhance clot turbidity. Because preincubating plasma only.
For personal use at PENN STATE UNIVERSITY on February 21, 2013. bloodjournal.hematologylibrary.org From with polyP and Ca 2+ will trigger clotting via the contact pathway, it is technically difficult to recapitulate the effect of polyP on clot turbidity using conventional clotting assays with normal plasma. Instead, we used prothrombin-deficient plasma to prevent thrombin generation during the preincubation phase of plasma with polyP and Ca 2+ . The highest concentrations of polyP caused precipitation when added to the minimally diluted citrated plasma, likely due to an interaction between polyP, citrate, and possibly the excess calcium included in the reaction.
Lower polyP concentrations than were evaluated in the purified protein system were therefore used in this plasma-based system. Adding Ca 2+ and polyP to minimally diluted, prothrombindeficient plasma showed that polyP elicited a concentration-dependent increase in final clot turbidity following thrombin addition ( Figure 4B ).
Fibrin cross-linking
The fact that polyP enhanced clot turbidity only in the presence of Ca 2+ suggested that this enhancement might be associated with factor XIIIa cross-linking activity, which is also calcium dependent. Since purified fibrinogen contains small amounts of contaminating factor XIII, some degree of covalent crosslinking occurs during the formation of fibrin gels. However, when we 
Fibrin fiber thickness
Previous reports have indicated that the turbidity of fibrin gels formed from purified fibrinogen only.
For
and thrombin is primarily a function of fiber diameter. 24 The increased turbidity of clots formed in the presence of polyP might therefore be caused by altered fibrin assembly, resulting in thicker fibrils. We measured normalized mass-length ratios for fibrin gels prepared with and without polyP, and found that polyP resulted in higher mass-length ratios for fibrin fibrils ( Figure   6A ): 100 µ M polyP increased the mass-length ratio by approximately 15%, while 1.5 mM polyP increased the mass-length ratio almost threefold.
Scanning electron microscopy
We examined the impact of polyP on fibrin clot structure using scanning electron microscopy (representative micrographs in Figure 6C -F). Clots made in the presence of polyP exhibited strikingly thicker fibers than clots made without polyP, with mean fiber diameters increasing as the polyP concentration increased ( Figure 6B ). These findings agree with the effects of polyP on fibril mass-length ratios reported above. In these micrographs, although fiber diameter was markedly increased by the inclusion of polyP, pore size appeared not to be affected. One possible explanation is that increased fiber diameter results from incorporation of polyP into the fibers.
Incorporation of polyP into fibrin clots
To evaluate whether or not polyP was incorporated into the polymerizing fibrin clots, we detected clot-associated polyP using toluidine blue staining. Clots were allowed to polymerize in the presence or absence of polyP, while negative control clots were formed in the presence of an equivalent concentration of monophosphate. In addition, some clots that had been polymerized without polyP were soaked in polyP afterwards, to see if polyP could associate with previously polymerized fibrin. All clots were washed to remove unbound polyP, then stained with toluidine blue, a metachromatic dye which stains polyP a characteristic pink color. All clots that had been formed with polyP present during polymerization stained strongly pink, whereas only.
For personal use at PENN STATE UNIVERSITY on February 21, 2013. bloodjournal.hematologylibrary.org From clots that had been formed without polyP (or treated with polyP after polymerization) stained lightly blue (not shown). When the amount of clot-bound toluidine blue was quantified, we found that clots made without polyP contained very little dye (0.3 ± 0.1 mg toluidine blue/L), as did clots made with 1 mM monophosphate (0.3 ± 0.1 mg/L). Clots treated with polyphosphate after fibrin polymerization contained only slightly more dye (0.7 ± 0.1 mg/L). In contrast, clots that had been polymerized in the presence of polyP contained considerably more dye, with the amount of clot-associated toluidine blue increasing as the polyP concentration increased (data are mean toluidine blue concentrations in mg/L ± standard error, n=6): 1.9 ± 0.2 at 100 µM polyP, 3.8 ± 0.3 at 500 µM polyP, and 5.1 ± 0.4 mg/L at 1 mM polyP. These findings indicate that polyP becomes incorporated into polymerizing fibrin clots, but that it binds less well to fibrin that has already been polymerized.
Thromboelastography
We examined the effect of polyP on the elastic properties of fibrin using thromboelastography, in experiments in which fibrinogen was preincubated for 15 minutes with 1 mM polyP and 2.5 mM Ca 2+ , after which clotting was initiated with thrombin. Thirty minutes after clot formation, we analyzed clot properties and found that clots formed with polyP exhibited greater firmness (29.8 ± 0.9 mm) than did clots formed without polyP (24.5 ± 0.6 mm). (Data are mean ± standard error, n=4.)
Fibrinolysis
The impact of polyP on the rate of fibrinolysis was assessed in two ways. In one approach, plasmin was added to clotting mixtures immediately before adding thrombin ( Figure 7A ). The mean time to 50% lysis for fibrin clots formed without polyP was 28.5 ± 0.8 minutes (n=8), but was 120.4 ± 5.6 minutes for clots formed in the presence of polyP. In another approach, a only.
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Discussion
Our initial report on the ability of polyP to modulate blood coagulation revealed that polyP activates the contact pathway and, perhaps more importantly, accelerates the proteolytic conversion of factor V to Va. 19 This latter effect causes the prothrombinase complex to assemble more quickly, which in turn accelerates the burst of thrombin generation, resulting in more rapid clot formation. We now report that polyP also modulated fibrin clot structure in a calcium-dependent fashion. PolyP was incorporated into clots during polymerization, and the resulting clots exhibited increased turbidity, contained thicker fibrils, were firmer, and were more resistant to fibrinolysis.
A number of studies have evaluated the effects of charged polymers on fibrin assembly.
Cationic polymers such as poly(L-arginine) or poly(L-lysine) resulted in a concentrationdependent increase of fiber mass/length ratio, while anionic polymers such as poly(L-aspartate) or poly(L-glutamate) generally had no effect. 25 This indicates that not all anionic polymers increase fibril thickness. Some polymers, such as dextran, increased clot turbidity through enhancement of lateral association of protofibrils. 9 Heparin has previously been reported to increase fibrin clot turbidity 23, 26 , which was confirmed in this study (although the magnitude of the turbidity increase induced by heparin was small). Fibrinogen contains a heparin-binding domain. 22, 27 Interestingly, clots formed in the presence of heparin are reportedly more sensitive to lysis 26 , whereas we found that clots formed in the presence of polyP were more resistant to lysis.
Of interest is the calcium-dependence of the ability of polyP to increase fibril thickness. , and polyP at the site of clotting.
The mechanism of polyP enhancement of fibrin clot structure is not yet clear. Elegant kinetic modeling of the fibril formation by Weisel and Nagaswami 30 suggests that fibrin fibril thickness is dependent on multiple parameters, including the rates of fibrinopeptide A (FpA)
cleavage, protofibril initiation, fiber initiation, fiber growth, and fiber aggregation. It is unlikely that polyP significantly alters the rate of FpA removal, since polyP has no discernable effect on the lag period prior to initial rise in clot turbidity (defined here as "clot time"). Rather, the effect of polyP on the observed turbidity profiles is most consistent with polyP changing either the rate only.
For personal use at PENN STATE UNIVERSITY on February 21, 2013. bloodjournal.hematologylibrary.org From of fiber growth or the rate of fiber aggregation as defined in the model. 30 On the other hand, this kinetic model did not include contributions from fibrinopeptide B (FpB) release, which is not strictly required for fibrin polymerization. Comparative studies of fibrin clot formation by reptilase (which does not cause FpB release) and thrombin have shown that thrombin cleavage of fibrinogen results in thicker fibers than does reptilase cleavage. 4 Furthermore, slower FpB release from the γ ′ fibrinogen variant favors delayed lateral aggregation of protofibrils, leading to clots with smaller diameter fibers. 31 Thus, these studies indicate that faster removal of FpB promotes thicker fibers. Binding of Ca 2+ appears to be connected to the release of FpB. 29 Synthetic peptides (based on the B knob sequence) that bind in the b hole enhance the turbidity of fibrin clots, resulting in clots that are more resistant to fibrinolysis. 32 One might speculate, therefore, that the impact of polyP on fibril thickness could be related to FpB release or interactions between the B knob and the b hole.
With the exception of synthetic peptides that bind to the b hole (causing more turbid clots with increased resistance to fibrinolysis), 32 it is notable that in most reports to date, circumstances resulting in thicker fibrin fibers are generally associated with increased susceptibility to fibrinolysis. [33] [34] [35] [36] [37] In contrast, we found that polyP promoted the formation of fibers with higher mass-length ratios that were more resistant to fibrinolysis than clots formed without polyP. One possibility is that polyP affects B-b interactions as discussed above.
Another is that polyP affects binding of thrombin or plasmin to the developing clot, or the activity of clot-bound enzymes within the clot. It was previously shown that clots with thicker fibers tend to have more thrombin binding sites and lower K d for thrombin binding than clots with thinner fibers. 38 We have found that polyP binds thrombin (N.J. Mutch and J.H. Morrissey, unpublished observations), and that polyP accelerates the rate at which thrombin cleaves factor V. 19 It is possible that the presence of polyP enhances the activity of clot-bound thrombin, which in turn affects the relative susceptibility of fibrin to plasmin. The potential impact, if any, of polyP on plasminogen binding and activation awaits further study.
We evaluated the impact of polyP on clot structure in a purified system, employing polyP concentrations ranging from 100 µM to 8 mM. Previous work has demonstrated that polyP is released from human platelets in response to thrombin stimulation, readily reaching 3 µM in whole blood, with orders of magnitude higher concentrations possible within platelet-rich thrombi. 18 At the expected physiologic concentrations of polyP released from platelets during in vivo clot formation (at least in whole blood), the effect of polyP on fibrin may be smaller than the threefold increase in fibril thickness seen with mM concentrations of polyP. However, even minor changes in fibril thickness and susceptibility to lysis could have a significant impact on thrombotic risk. Many studies have identified associations between conditions that result in abnormal clot structure and increased risk of thrombosis, including elevated plasma prothrombin concentration, 21 elevated levels of γ ′ fibrinogen, 31 and dysfibrinogenemias such as fibrinogens
Caracass II 39 and Dusart. 40 The role of polyP in clot structure could therefore represent a possible target for modification of risk for thrombosis in a variety of prothrombotic disorders.
We found that low concentrations of polyP (50 to 100 µM) had a detectable impact on fibrin structure, while higher (mM) concentrations of polyP had a profound impact. Potentially, the large increases in fibril thickness associated with what may be supraphysiologic polyP concentrations could be exploited by adding polyP to the purified fibrinogen used in surgical fibrin sealants. Fibrin tissue sealants consist of purified thrombin and fibrinogen (typically formulated at supraphysiologic concentrations), which are mixed together and applied topically at bleeding sites intra-operatively. 41 PolyP may therefore have utility as an adjuvant for the fibrinogen component to enhance the structure, properties, and stability of the clot formed. 
